Abstract-We insert a dielectric rod in the point cavity or increase the volume of the point cavity in the combined system to shift the resonant frequency of the point cavity to be the same as that of the feedback cavity. These systems are advantageous over our previous design in that the feedback cavity is uniform and no stray scattering exists in the cavity. Simulations through finite-difference time-domain (FDTD) method demonstrate that, in double resonance, the maximum quality factor of the new structure is promoted by 34.7%, and the maximum localized field intensity in the point defect cavity is promoted by 314% over that in the earlier structure.
INTRODUCTION
Signal detecting unit is a basic part in electronic, electromagnetic, and optical systems for communications, radars, sensors, etc. It is very important to have high sensitivity for long distance communication, long range radars, biological signal detection, and cosmic signal hunting. Especially, at present, THz signals are usually very weak and how to promote the sensitivity of THz signal detection becomes a key problem for development and application of THz technology on which great attention has been paid in the last decade [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The idea of combined cavity with sub cavities in simultaneous resonance was presented by the authors in our group in 2007 in the hope of promoting the field intensity in a cavity, so that weak signals can be detected [8] . In the combined cavity, as shown in Fig. 1 , when the point-defect cavity (PDC) and the waveguide resonator (WGR) are in simultaneous resonance, i.e., the PDC and WGR have the same resonance frequency and a matched field pattern, the field intensity in the PDC will be much higher that in a separate PDC. This is because the input field is first enhanced in the resonant WGR and further enhanced in the resonant PDC (also called as "double resonance") as the wave in the WGR coupled to the PDC. This is useful for greatly promoting the detection sensitivity of waves, especially for THz waves, when one puts a wave sensing element in the PDC [8] . Moreover, for THz signal detections, the background radiation is out of resonance with the cavity and will has negligible influence on the detection of useful signals, and thus bulk and expensive cooling systems can be omitted.
The key point is to make signals to be in double resonance through signal feedback in a combined cavity consisting of two sub-cavities. However, a simple combined cavity would not meet the condition for double resonance. For this we tried to add a piece of dielectric material in the feedback cavity, as shown in Fig. 1 , and useful results were obtained [8] . But we are not satisfied with them, and so we now do more studies on the combined cavity for higher sensitivity detection applications. We now add a dielectric rod in the point cavity or increase the volume of the point cavity in the combined system to shift the resonant frequency of the point cavity to be the same as that of the feedback cavity, as shown in Fig. 2 . These systems are advantageous over our previous design in that the feedback cavity is uniform and no stray scattering exists in the cavity. Furthermore, in the system in Fig. 2 the resonance mode of the point cavity lies closer to the center of the bandgap of the photonic crystal in the system than that in Fig. 1 , and thus has higher quality factors than that of Fig. 1 . Simulations through FDTD method demonstrate that the systems in Fig. 2 can have higher quality factor and localized field intensity than that in the old structure shown in Fig. 1 . Since Figs. 2(a) and (b) operate in a similar mechanism, we focus on the structure in Fig. 2 (a) in this paper. (a) (b) (c) Figure 3 : The structure of the combined cavity to be investigated (a) which is a combination of a PDC (b) and a WGR (c).
PHYSICAL MODEL AND DESCRIPTION OF SIMULATION PROCEDURE
For better performance, we modify the structure in Fig. 2 (a) to be that in Fig. 3(a) , where the red squares are dielectric rods, the background is air, and the blue rectangular indicates the defect rod. The combined cavity in Fig. 3 (a) is a combination of the PDC in Fig. 3 (b) and the WGR in Fig. 3(c) . The simulation procedure is as follows. First, we use plane wave expansion (PWE) method to determine the resonance wavelengths of the separate WGR, shown in Fig. 3(c) , by treating the WGR as a super cell. A number of resonance modes can be found in the separate WGR in the bandgap region of the photonic crystal in the system. We use the PWE method to view the band structure. But we find that, for the resonant frequencies, much more accurate result with higher speed of calculation can be obtained by the FDTD method than by the PWE method. Second, we go to calculate the fundamental defect mode of the PDC, shown in Fig. 3(b) , and set the resonance frequency to be the same as the WGR mode that lies near the bandgap center by proper choice of the parameters of the defect pole in the PDC. Third, with the properly chosen parameters of the defect pole in the PDC, we calculate the resonance modes of the combined cavity shown in Fig. 3(a) . Fourth, we calculate the mode patterns of the resonance modes to find out the modes that are in resonance with the PDC and the WGR simultaneously. For simultaneous resonance, not only the resonance frequency, but also the field pattern of the PDC and the WGR should be matched. Fifth, we use FDTD method with perfect matched boundary (PML) conditions to calculate the quality factors of the simultaneous resonance modes in the combined cavity and the localized field intensity in the PDC at simultaneous resonance. Sixth, we compare the results with that of separate PDC and separate WGR and that of the early combined cavity shown in Fig. 1 .
In the following simulations, for the convenience of comparison, the parameters of photonic crystal in the system are chosen to be the same as that in our early work [8] , i.e., we consider a photonic crystal of square lattice consisting of square rods with a lattice period of a and, for the square rods, a side width of 0.4a. Also as that in [8] , the refractive index of the square rods is n a = 3.4, and the refractive index of the background air is n b = 1. Furthermore, only TE-mode operation is considered. In TE-mode operation, the electric vector of the wave is perpendicular to the propagation route of waves in the waveguide and parallel to the axis of poles in the photonic crystals.
RESULT OF SIMULATIONS AND COMPARISON WITH THAT OF THE OLD STRUCTURE

Resonance Modes in the Separate WGR, the Separate PDC, and the Combined Cavity
Using the plane wave expansion method, we can find the band structure of the separate WGR indicated in Fig. 3(c) by treating the WGR as a super-cell. The result is shown in Fig. 4 , which displays that there are 12 resonance modes indicated as horizontal lines in the bandgap region, including the bandgap edge. Accurate resonance frequencies are obtained by the FDTD method as shown in Table 1 . These modes are also the defect modes in the structure since the WGR can be considered as a kind of special defect in a photonic crystal.
From Fig. 4 , we see that the bandgap is from 0.2668 to 0.3882 (normalized frequency). Thus the center of the bandgap is 0.3275. As mentioned in Sec. 1, to get a separate PDC or the combined cavity with quality factors as high as possible, the parameters of the defect pole in the PDC should be so chosen that the normalized frequency of the defect mode in the PDC is near 0.3275. Through FDTD simulations and looking at the field pattern in the WGR, we find that the modes with even numbers in Table 1 are modes having inverse symmetry (which may be called as odd symmetry) about the central horizontal axis in the system, while the modes with odd numbers in Table 1 are modes having positive symmetry (which may be called as even symmetry) about that axis. Noting that the fundamental mode pattern in the PDC has positive symmetry about that axis, we set the resonant frequency of the PDC to be that of mode-7 in Table 1 , i.e., 0.330543, which is realized by taking the refractive index of the defect pole to be n d = 3.13 with its width being the same as the that of other poles in the photonic crystal and vertical height being 0.08a. The center of the defect pole coincides with that the PDC. Then with the above parameters, the resonance modes in the combined cavity in Fig. 3(a) can be obtained by the FDTD method, as shown in Table 2 , from which we see that there are 13 modes in the combined cavity. Comparing Tables 1 and 2 we see that mode-7 in Table 1 is split up into two modes -mode-7a and mode-7b in Table 2 . The coupling is strong because the two cavities are directly connected and the strong coupling caused the splitting of the resonance mode, which is similar to that in coupled electronic resonance circuits. From Tables 1 and 2 , we also see that, except for mode 7a and 7b, other modes in the combined cavity are the same as that in the separate WGR. This is understandable because the PDC has no influence on these modes in the WGR. Since the field in a cavity decays exponentially when the exciting source is suddenly removed, by applying an impulse and keeping the profile of the decaying field in the system through FDTD simulations, quality factors can be calculated from the profile of the decaying field. Localized field intensity in the separate PDC or the PDC in the combined cavity can be calculated also through FDTD simulations by putting a unit source outside the PDC. Indicate
SR ) the quality factors (localized field intensity) of the separate PDC, the left (a/λ = 0.329875 for the new combined cavity, 0.364193 for the old combined cavity) and right (a/λ = 0.331688 for the new combined cavity, 0365604 for the old combined cavity) modes of the combined cavity in double resonance, respectively. For the same parameters in the above sections, we may obtain the results as shown in Table 3 . The localized field intensities are obtained for a source outside the PDC.
From Table 3 , we can see that, in double resonance, the maximum quality factor of the new combined cavity is promoted by 34.7%, and the maximum localized field intensity in the PDC in the combined cavity is promoted by 314% over that in the old combined cavity. Thus for signal-detection applications, with the improved structure, the detecting sensitivity can be further promoted by three times when a THz wave sensor is inserted in the PDC in the combined cavity.
CONCLUSIONS
Through adding a dielectric pole in the PDC, in double resonance, the maximum quality factor of the new structure is promoted by 34.7%, and the maximum localized field intensity in the point defect cavity is promoted by 314% over that in the earlier structure. Thus the performance of the combined cavity is greatly enhanced.
